Abstract. RF cavities are used to re-accelerate muons that have been cooled by absorbers that are in low beta regions of a muon ionization cooling channel. A superconducting coupling magnet (or magnets) are around or among the RF cavities of a muon ionization-cooling channel. The field from the magnet guides the muons so that they are kept within the iris of the RF cavities that are used to accelerate the muons. This report compares the use of a single short coupling magnet with an extended coupling magnet that has one or more superconducting coils as part of a muon-cooling channel of the same design as the muon ionization cooling experiment (MICE). Whether the superconducting magnet is short and thick or long and this affects the magnet stored energy and the peak field in the winding. The magnetic field distribution also affects is the muon beam optics in the cooling cell of a muon cooling channel.
INTRODUCTION
Muon ionization cooling [1] in a linear channel requires; 1) low Z absorbers to reduce the longitudinal and transverse momentum from the muons being cooled, 2) RF cavities to re-accelerate the muons so that the longitudinal momentum is recovered, and 3) a magnetic field that guides and focuses the muons in the cooling channel. A muon-cooling channel will have two types of superconducting magnets within it. The first type of magnet is the focusing magnet, which will focus the muon beam into a low beta region where muon ionization cooling can take place. The second type of magnet is the coupling magnet that guides the muon beam in the RF cavities that are between the absorbers. This report deals with the second type of superconducting magnet.
The muon ionization cooling experiment [2] (MICE) under construction at the Rutherford Appleton Laboratory in the United Kingdom will demonstrate muon cooling with one cell of cooling in a lattice that is similar to the lattice described in the level II study of a neutrino factory [3] . The muon cooling channel in the level II study has cells that consist of two focusing magnets and absorber and two sets of RF cavities with their coupling magnets that keep the muon bean in the cavities while it is being reaccelerated. The lattice used for the level II study and MICE may operate with the focusing magnets in the flip mode (the field changes polarity as one goes through the focusing magnet) or the non-flip mode (the magnetic field polarity doesn't change) [4] . Both modes will produce a region of low beam beta, which improves muon ionization cooling.
The coupling coils for MICE are large radius coils that go around the 201.25 MHz RF cavities [5] . These coils have a large inner radius >0.7 m (dictated by the physical size of the RF cavities) and large currents >3.3 MA. The length of the MICE coupling coil is limited by the spacing between the RF couplers for the two center MICE cavities. The result is a coupling coil with a large stored energy and a non-optimal use for the current that is carried within the coil.
During the level II study, a small-radius coupling coil around the beam pipe between the center cavities was studied. A single small-radius coupling coil did not prevent muons from being lost on the irises of the RF cavities that were away from the magnet. A large single coupling coil was adopted for both the level II study lattice and the MICE lattice, because the muon beam would stay constrained within the irises of the four RF cavities that are between the absorbers.
A three-dimensional view of the MICE magnets is shown in FIGURE 1. The two coupling coils are the large coils shown in FIGURE 1. The focusing magnets are pairs of smaller coils on either side of the coupling coils. The five-coil tracker magnets are at the two ends of the MICE channel. 
SHORT AND LONG COUPLING COILS
The MICE lattice was used to study the effect of extending the length of the coupling coil. The extended coupling coil used for the study is a set of three coils (see FIGURE 2) . Each coil has the same length as the original coupling coil. The new coupling coils have one-third the thickness of the original coupling coil. The inner radius of the three coils is the same as the original coupling coil. The three coils are spaced so that they are equivalent to a single coil that is 1150-mm long, with an ID of 725 mm. FIGURE 3 shows a cross-section of the three coils with enough space between them so that RF couplers that are 100 mm in diameter can be brought out through the magnet. The total current in the three coils shown in FIGURE 2 is the same as the total current in the short coupling coil shown in FIGURE 1.
The three coupling coils shown in FIGURE 2 and FIGURE 3 will behave magnetically as a single coil that is 1150 mm long. (This long coil has the same ampere-turns as the single coupling coil that is shown in FIGURE 1.) Even though the coupling coils shown in FIGURES 2 and 3 have the same number of ampere-turns as the coil in FIGURE 1, the magnetic field distribution on and off axis is different. FIGURE 4 shows the on-axis magnetic induction as a function of the distance from the center of MICE (defined as the center of the center focusing magnet in the MICE channel). The magnetic field direction on axis in MICE is only in the z direction. The magnetic field plot shown in FIGURE 4 applies for MICE operating in the flip mode with an average momentum of 240 MeV/c. The beta at the center of the focusing magnet (at z = 0) is different for the two cases. Table 1 compares the magnet parameters for the single-coil coupling magnet shown in FIGURE 1 with the three-coil coupling magnet shown in FIGURE 2 and FIGURE 3. In both cases the inner coil radius was assumed to be 725 mm. The total length of the three coils is 750 mm versus 250 mm for the single coil. The ampere-turns are the same for both magnets. From TABLE 1 and FIGURE 5, it is clear that extending the length of the coupling coil in a lattice that is similar to the MICE lattice will decrease the magnet self inductance and stored energy. The peak magnetic field at the winding will go down. The two phenomena are directly connected with one another. A short thick coil of a given current density has a higher self-field than a long thin coil.
When one looks at the field on axis in FIGURE 4 for the short coil, the peak on axis induction due to the coupling coil alone is ~2.7 T. The peak induction in the short coil is ~7.8 T. The difference between the on axis induction and the peak induction is ~5.1 T. This difference is due to the self-field around the coil. When one looks at the extended coupling coil the peak induction this peak on axis induction drops to about 2.2 T. The peak induction in the coil is 3.6 T. The difference between the peak on axis induction and the peak induction is ~1.3 T. Much of the short coil stored energy is stored around the coil.
As illustrated in FIGURE 5, increased temperature margin for the extended coil is due to the fact that the peak magnetic field at the conductor is lower. Thus the extended coil uses superconductor more efficiently than does the short coupling coil.
In general, a magnet with a lower stored energy is less expensive to build. Whether a lower stored energy magnet is cheaper to build depends on the details of the design of the magnet and its cryostat.
The magnetic induction on the outside of the magnet is also lower for the extended (three coil) coupling magnet. A plot of magnetic induction versus radius at z = 1.375 m is shown in FIGURE 6. This plot shows that the magnet field outside of the long coupling coil is much lower than the field at the same radius for a short coupling coil. The field on the outside of the magnet affects HTS current leads [6] and the 4.2 K coolers [7] that might be used to cool the coupling magnet. For an experiment such as MICE, superconductor represents fifteen to twenty percent of the cost of the coupling coil. Other factors such as a complicated cryostat may affect the extended magnet cost more than the reduced cost of the conductor. As a result of this study, the length of the MICE coupling coil was increased from 250 mm to 285 mm [8] . Even though the MICE coupling magnet inner coil radius was increased from 725 mm to 750 mm (to reduce cryostat heat leak), the coupling magnet stored energy did not change. However, the magnet temperature margin did increase by about 0.2 K. The increase in the temperature margin is due to the fact that the peak field in the coil went down from ~7.8 T to ~7.4 T.
The change in the MICE coupling coil length resulted in the cryostat indents shown in FIGURE 7. The cryostat indents shown in the FIGURE 7 is allow the cryostat to fit around the RF coupler tubes and the RF vacuum ports. A change in the design of the MICE coupling coil beyond lengthening the magnet coil by 35 mm did not make sense, because a number of components of MICE had to be re-engineered. In some cases, existing components had to be rebuilt at increased cost to the experiment. In addition, a cost savings could be achieved by making the MICE and MUCOOL coupling coils with the same design. 
THE EFFECT OF COUPLING COIL LENGTH ON THE TUNING OF THE MICE COOLING CHANNEL
The field at the center of the RF cavities is lower for the extended coupling coil case as compared to the short coupling coil case. The magnet field increases as one moves toward the absorber focus coil (AFC) module (the focusing magnet). When the MICE channel was re-tuned using the tuning coils M1 and M2 in the tracker module, the beam beta at the center of the focusing magnet and absorber went down from 420 mm to 310 mm. The decrease in the beam beta at the center of the AFC module results in an increase in the beam beta in the center of the RF cavity string and within the tuning coils for the tracker module. This effect is clearly seen in FIGURE 8.
Since the beam beta has increased at the irises of the RF cavities, it is likely that some off momentum particles will be lost on the RF cavity irises. As with the low beta cases in the original MICE lattice with the short coupling coil, the momentum acceptance is likely to go down as the beam beta within the AFC module absorber goes down.
One can increase the beam beta in the middle of the absorber by reducing the current in the focusing coil. In order to increase the beam beta back to the original design value (420 mm) for the MICE cooling channel, one must reduce the focusing magnet current of the order of 15 percent [4] . As a result, the temperature margin in the focusing magnet increases from 0.8 K to about 1.4 K (at a momentum of 240 MeV/c). In order to re-tune the MICE with the long coupling coil, the number of ampere-turns in the coupling coil must go up of the order of 15 percent. Since the long coupling coil has a very large temperature margin, the coupling coil current can be increased 15 percent by reducing the temperature margin from 2.6 K to about 1.8 K. 
MAGNETS BETWEEN THE RF CAVITIES AND OTHER LATTICES
It has been proposed that the superconducting coupling magnets should be between the RF cavities instead of around the RF cavities. This might be a desirable in order to reduce cavity voltage breakdown, because the field would be in a small region within the cavity. Unfortunately, the region that would be in the magnetic field would be the region where the acceleration gradient is highest.
The key issue of having the magnets between the cavities is the size of the gap between the coils compared to the average radius of the superconducting coil. The gap between the coil ends should be as small as possible. If the gap between the ends of the superconducting coils is equal to the coil average radius, the peak field in the magnet coil will be roughly 1.5 times the minimum field along the axis of the channel through the cavity. If the gap between the coils is equal to twice the average radius of the coil, the peak field in the magnet will be roughly 3.2 times the minimum field in the cavity gap on axis. The ratios are a little worse if the coils are long compared to their average radius. Studies of induction linac magnets suggest that breaking the coils into pieces results in a better quality field and potentially better beam properties as well [9] .
If the iris of a cavity has a radius of 210 mm, the superconducting coil average radius could be as large as 300 mm. At this radius, one could have a coil gap as large 400 mm and still have a reasonable ratio between the peak field in the magnet and the minimum field on axis field within the cavity gap. Breaking up the coil into lengths up to 600 mm appears to be desirable from a magnetic field standpoint.
It is interesting to contemplate a linear channel where the absorber is hydrogen gas at an average temperature of 90 K and a pressure of 20 bar. If the cavity acceleration gradient is 30 MV per meter, the absorption length would have to be about 6.25 times the acceleration gap including hydrogen that is in the cavities. This suggests that for every meter of cavity gap, there would be an additional 5.25 meters of hydrogen, most of which is in a magnetic guide field.
CONCLUDING COMMENTS
The calculations presented in this report show that there are magnetic advantages in having an extended coupling coil around the RF cavities in a cooling channel as compared to a short thick coil. The short coil has a larger stored energy and a higher peak field in the winding. For a given superconductor volume, the short coil will have a lower temperature margin. It is reasonable to put gaps between the coils, if these gaps are needed for RF coupling, vacuum pumping and tuning. The gaps between the coils should be smaller than the coil radius.
Small diameter coils between RF cavities are an option provided the gap between the coils is less than the coil radius. If cold pressurized hydrogen gas is used as an absorber instead of liquid hydrogen, the magnet coil length will be several times longer than the accelerating gaps in the RF cavities. Breaking long coils into shorter lengths with gaps between the coils will improve the field quality in the magnet.
